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The role of intracellular calcium phosphate in osteoblast-mediated bone apatite formation
Mineralization is a ubiquitous process in the animal kingdom and is fundamental to human development and health. Dysfunctional or aberrant mineralization leads to a variety of medical problems, and so an understanding of these processes is essential to their mitigation. Osteoblasts create the nano-composite structure of bone by secreting a collagenous extracellular matrix (ECM) on which apatite crystals subsequently form. However, despite their requisite function in building bone and decades of observations describing intracellular calcium phosphate, the precise role osteoblasts play in mediating bone apatite formation remains largely unknown. To better understand the relationship between intracellular and extracellular mineralization, we combined a samplepreparation method that simultaneously preserved mineral, ions, and ECM with nano-analytical electron microscopy techniques to examine osteoblasts in an in vitro model of bone formation. We identified calcium phosphate both within osteoblast mitochondrial granules and intracellular vesicles that transported material to the ECM. Moreover, we observed calcium-containing vesicles conjoining mitochondria, which also contained calcium, suggesting a storage and transport mechanism. Our observations further highlight the important relationship between intracellular calcium phosphate in osteoblasts and their role in mineralizing the ECM. These observations may have important implications in deciphering both how normal bone forms and in understanding pathological mineralization. biomineralization | crystallinity | mineral transport | electron energy-loss spectroscopy T he structure of bone stems from a tightly controlled process whereby collagen fibrils secreted by osteoblasts are progressively mineralized by poorly crystalline carbonated apatite. The process that precedes mineral's eventual propagation on the extracellular matrix (ECM), however, remains largely unexplained and is highly controversial. Investigators have proposed various mechanisms to explain early bone mineral formation including: (i) a cell-independent process, whereby charged noncollagenous proteins associating with the gap zones in collagen mediate mineral nucleation from ions in solution (1); (ii) a cell-controlled mechanism by which vesicles that bud from the plasma membrane accumulate ions extracellularly, mediate calcium phosphate precipitation, and subsequently rupture dispersing their contents on the ECM (2); and (iii) an alternative route by which amorphous mineral precursors are transiently produced and deposited within collagen fibrils, where they transform into more crystalline apatite platelets (3) .
After decades of support for the former ion-based nucleation models (4), evidence has recently emerged supporting a role for the latter proposal, implicating amorphous mineral precursors in bone mineralization. For example, recent in vivo studies in mineralizing zebrafish fin rays (3, 5) , and in vitro models of apatite formation on collagen fibrils (6) and nucleating surfaces (7) suggest that bone mineral creation proceeds via the transient formation of amorphous calcium phosphate. This process is biologically ubiquitous, analogous to that used by invertebrates, including mollusks and sea urchins, when creating their shells (8) . The origin of the proposed amorphous calcium phosphate, however, is still unclear, and it also remains uncertain if the process is mediated by resident cells and, if so, whether the material forms intra-or extracellularly. Calcium phosphate deposits are known to reside intracellularly in mineralizing cells, notably as granules in mitochondria (9) (10) (11) ; however, their role in the mineralization process has never been definitively established. Mahamid et al. have also recently reported that calcium phosphate-containing vesicles are present in developing mouse bone cells (12) ; however, direct observations linking such intracellular deposits with the extracellular mineralization process have, until now, been lacking.
Results and Discussion
To investigate the relationship between intracellular calcium phosphate accumulations and extracellular bone apatite formation, we cultured mouse calvarial osteoblasts and marrow stromal cells (MSC) in osteogenic medium according to standard in vitro methods for bone-like nodule formation (13) . We have previously demonstrated by multivariate analyses of micro-Raman spectra that such live, unprocessed nodules possess important characteristics of native bone, including the presence of a complex combination of mineral and matrix environments (14) . Mineralized nodules formed from osteoblasts, when prepared by chemical fixation and analyzed by bright-field transmission electron microscopy (TEM), contained morphologically normal cells surrounded by a fibrous ECM ( Fig. 1A ) with banding typical of native mammalian collagen ( Fig. 1A , Inset). Vesicles enclosing electron dense material composed of calcium and phosphorus as determined by energy dispersive X-ray spectroscopy (EDX) were evident within cells ( Fig. 1B , and Figs. S1 and S2), within membrane invaginations (Fig. 1C ) and immediately outside plasma membranes ( Fig. 1D ). Although the presence of plate-or needlelike ribbons within the vesicles indicates that the calcium phosphate has partially crystallized, it is well known that chemical fixation can cause the artifactual crystallization of calcium phosphate: amorphous calcium phosphate is thermodynamically unstable in aqueous environments and quickly converts to a more stable, crystalline phase of hydroxyapatite (15) . Because of this possibility, we also chose to examine mineral crystallinity using Electron dense particles of bone-like mineral are evident in the extracellular space. Sample was prepared via the chemical fixation protocol. (Scale bar, 1 μm.) (B) A vesicle (arrow) containing electron dense material inside an osteoblast abutting a heavily mineralized (M) area of a nodule. EDX analysis of the material within the vesicle demonstrates the presence of calcium and phosphorus (Inset). Sample was prepared via the chemical fixation protocol. (Scale bar, 0.5 μm.) (C) Electron-dense vesicles within a membrane invagination (arrow) of an osteoblast. EDX analysis of the vesicle demonstrates the presence of calcium and phosphorus (Inset). Sample was prepared via the chemical fixation protocol. (Scale bar, 0.2 μm.) (D) Calcium phosphate-containing vesicles in the extracellular space surrounding an osteoblast. Sample was prepared via the chemical fixation protocol. (Scale bar, 0.2 μm.) (E) Confined calcium phosphate aggregates (membranes are not distinguishable in anhydrously prepared specimens) in a mineralized nodule prepared via the anhydrous fixation protocol. Selected area electron diffraction of an aggregate (*) lacks a textured crystalline diffraction pattern, suggesting the amorphous nature of the material (Inset). (Scale bar, 0.5 μm.) (F) A dense calcium phosphate aggregate (*) associated with collagen fibrils in the extracellular space. Sample was prepared via the chemical fixation protocol. (Scale bar, 0.2 μm.) (G) Mineral (arrows) emanating from the dense focus of a mineral aggregate associated with the collagenous extracellular matrix (C). Sample was prepared via the chemical fixation protocol. (Scale bar, 0.2 μm.) (H) Extensive mineralization (M) on collagen fibrils (C) in the extracellular space of a mineralized nodule formed from osteoblasts. Sample was prepared via the chemical fixation protocol. Selected area electron diffraction of a similarly mineralized area processed via the anhydrous fixation method displayed a crystalline diffraction pattern which corresponded to the 002, 112, 211, and 300 planes of a crystalline hydroxyapatite standard (Inset). (Scale bar, 0.2 μm.) anhydrously prepared samples. Analysis of anhydrously prepared nodules by selected area electron diffraction (SAED, ∼200-nm spot size) indicated that confined packets of calcium phosphate did not exhibit the textured crystalline diffraction pattern associated with developed mineral (15) (Fig. 1E ). This finding indicates that calcium phosphate contained within the vesicles is either completely amorphous or a small amount of crystallinity (on the order of several unit cells) is present, which would give rise to the broadened rings in the SAED we observed here. This latter notion is supported by higher resolution phase-contrast images of the material within vesicles, which shows fine regions with crystalline order of the order of a few nanometers ( Fig. S3 ) and could reflect the transient formation of intermediate mineral phases. In direct contrast to this finding, we observed mineral crystals associated with the collagenous ECM ( Fig. 1F and Fig.  S4 ) and emanating from dense foci ( Fig. 1 G and H) . SAED of similar areas in anhydrously prepared samples displayed a clear, textured crystalline diffraction pattern ( Fig. 1H , Inset). Taken together, this sequence of images strongly supports the notion that calcium phosphate, devoid of any long-range order, is transported from inside the cell to the extracellular environment.
Calcium phosphate-containing vesicles, often referred to as "matrix vesicles," have been implicated in the mineralization of cartilage, bone, and dentin (16) (17) (18) . However, previous observations have detected such vesicles extracellularly as they bud from the plasma membrane and subsequently accumulate mineral (17) . Our observation here that calcium and phosphorus-containing vesicles also exist intracellularly is in keeping with recent observations of intracellular, vesicle-enclosed calcium phosphate in developing mouse bone (12) , and suggests that an intracellular process may play a role in bone apatite formation. It is difficult to observe any such intracellular process, however, as conventional EM preparation techniques, such as glutaraldehyde fixation, preserve only cell structures and the proteinaceous ECM, but (Scale bar, 0.5 μm.) (C) EELS of specified areas within mitochondria of a mineralizing osteoblast. Images 1 and 2 indicate the positions at which spectra were collected and highlight the presence of calcium and phosphorus in dense granules (MG1 and MG2) with characteristic phosphorus L 2,3 and calcium L 2,3 edges at 132 and 346 eV, respectively. The phosphorus L 2,3 edge contains characteristic double peaks (separated by 8.8 eV) followed by a more intense broad peak, which correlates with the phosphorus L 2,3 edge of analogous X-ray adsorption near edge structure (XANES) spectra acquired for phosphate compounds (22) . Spectra collected within the less electron-dense areas of the mitochondrial matrix lack characteristic phosphorus edges (MM1 and MM2); however, MM2 produced an edge at 346 eV, indicative of calcium. All spectra contain distinctive carbon K edges at 285 eV. (D) Bright-field TEM image of mitochondrial granules within an osteoblast. Note that the granules consist of globular accumulations of mineral with a disordered morphology. Sample was prepared by high pressure freezing and freeze substitution protocol. (Scale bar, 50 nm.) anhydrous methods, which avoid aqueous solution-induced mineral phase transformations, obfuscate intracellular processes and disrupt organic cellular components (19) . Therefore, to better understand our observations of intracellular calcium phosphate, we prepared mineralized nodules using a combination of high-pressure freezing (HPF) and freeze substitution (FS). These methods prompt the formation of amorphous ice that is subsequently replaced by organic solvents at low temperatures (20) , ensuring close-to-native preservation of cellular structures, mineral composition, morphology, and exceptionally, the distribution of ions (21) . We then used high angle-annular dark-field scanning TEM (HAADF-STEM) and electron energy-loss spectroscopy (EELS)-a technique that allows determination of the elemental composition of the sample-to examine the mineralization process.
When we examined osteoblast and MSC nodules prepared by HPF-FS, not only was calcium phosphate evident within intracellular vesicles, but bright-field TEM and HAADF-STEM imaging also confirmed its presence within mitochondria ( Fig. 2 A and B, respectively, and Fig. S5 ). EELS analysis of mitochondrial granules, which were tens of nanometres in diameter (47.6 ± 16.8 nm, n = 50), identified characteristic phosphorus L 2,3 and calcium L 2,3 edges at 132 and 346 eV, respectively ( Fig.  2C) , with phosphorus L 2,3 edge characteristics indicative of phosphate compounds (22) . Areas within the mitochondrial matrix that were devoid of such electron-dense granules, however, also sometimes produced the characteristic calcium edge (Fig. 2C, MM2 ). This observation, which was only possible because HPF-FS allows for preservation of ions, is consistent with previous reports that mitochondria maintain considerable stores of ionic calcium in addition to granules (23) . Further analysis of the mitochondrial granules with bright-field TEM ( Fig. 2D ) revealed globular accumulations with disordered morphologies.
Mitochondrial granules have been previously described (24, 25) , and indirect evidence, including reports of granule depletion in cells at the mineralization front (10, 26) , has led many investigators to speculate a role for mitochondrial granules in bone mineralization (10, 23, 27, 28) , perhaps by storing calcium and phosphate ions and later making them available for bone mineralization. Others have similarly speculated a relationship between mitochondrial granules and mineral-containing vesicles, because granule depletion in epiphyseal chondrocytes manifests concurrently with the appearance of extracellular mineral-containing vesicles (28) . Nevertheless, direct observations linking intramitochondrial calcium and phosphate deposits with vesicles and the extracellular mineralization process, have thus far been lacking. Our analyses of both osteoblast and MSC nodules with HAADF-STEM, however, revealed vesicles intimately associated with granule-containing mitochondria ( Fig. 3A and Fig. S6 ). Reconstructed 3D tomograms of HAADF-STEM images captured at incremental tilt angles showed mitochondria and vesicles as distinct entities, but with notable membrane discontinuities at their conjoining interfaces ( Fig. 3B and Movie S1). Chemical analysis of the dense mitochondrial granules and the interior of associating vesicles by EELS further indicated the presence of calcium ( Fig. 3C and Figs. S7 and S8). Moreover, images collected from orthoslices through the vesicle-mitochondrial interface revealed discontinuities in the mitochondrial membrane, suggesting their fusion ( Fig. 3D ).
Our observations of intracellular calcium-containing vesicles and their role in extracellular mineralization provide support for hypotheses suggesting that intracellular processes contribute to bone apatite formation. Anderson has long implicated mineralcontaining vesicles in biological mineralization (29) . Proteins and enzymes associated with vesicular membranes, combined with their specific lipid composition, are thought to provide a protective nidus for the precipitation of calcium phosphate. However, although Anderson described vesicles accumulating mineral extracellularly, our observations here highlighting a step-by-step process by which intravesicular amorphous calcium phosphate is transported from the intra-to extracellular space provides a direct link between Mahamid et al.'s (12) observations of intracellular vesicles and extracellular vesicles that associate with the ECM (29) .
Nucleation theory has been used to explain bone apatite formation because extracellular fluid is sufficiently saturated with respect to calcium and phosphate [perhaps stored as calciumpolyphosphate complexes (30) ] to allow for mineral formation (31) . However, recent insights into the role of amorphous mineral precursors in bone mineralization (3), and our and other's (12) observations of intracellular calcium and phosphorus-containing vesicles, suggests that active transport of mineral from the intrato the extracellular space may play a role in bone apatite formation. Our observations of calcium and dense calcium-and phosphate-containing granules within mitochondria, together with published accounts of temporal relationships between mitochondrial granule depletion and the onset of extracellular mineralization (10), strongly point toward an association between mitochondria, intracellular calcium phosphate accumulations, and the mineralization process. Our observation that calcium phosphate or calcium exists both within mitochondria and intracellular vesicles suggests that a mechanism may exist in osteogenic cells by which ionic calcium (and perhaps phosphate) are transferred from mitochondria to intracellular vesicles, possibly via a simple process, such as diffusion. Supporting other studies (23) , these data further suggest that mitochondrial granules may act as a storage depot for calcium and phosphate, allowing perhaps for subsequent dissolution and transport of ions required for bone formation. Although the unregulated disruption of the mitochondrial membrane is ordinarily implicated in cell death and apoptosis, there is increasing evidence that regulated vesicular transport may occur between mitochondria and other cellular organelles. For example, iron may be transported to the mitochondria via endosomes (32) , and more recent studies have shown that membranous vesicles bud off from mitochondria, transporting fatty acids to the peroxisome (33) . The data presented here suggest a role for mitochondria in the trafficking of ions or clusters of calcium and phosphate ions to the extracellular space, facilitating mammalian mineralization.
Although some authors have questioned the presence of an amorphous phase in bone mineral, strong evidence for amorphous calcium phosphate within mitochondrial granules (24) and newly formed bone (3, 5) exists. Furthermore, recent in vitro studies have elucidated mechanisms by which transiently formed clusters of calcium and phosphate ions could become orientated bone apatite via a synergistic interplay between collagen structure and nucleation inhibitors (6, 7) . Mitochondrial globular mineral deposits examined here were ∼50 nm in diameter and were composed of smaller globules with disordered morphologies. This finding is consistent with Dey et al.'s report in which amorphous mineral globules created in a surface-induced nucleation model were only stable up to diameters of ∼50 nm (7) . The finding also supports Mahamid et al.'s observations that vesicle-enclosed, intracellular calcium phosphate is composed of 80-nm globules, which in turn are composed of smaller 10-nm globules (12) . Moreover, such disordered globules are similar to those detected in the mineralizing fin ray bones of zebrafish (3), suggesting a link between the intracellular calcium phosphate detected in our in vitro model and that identified in mineralizing native bone.
Despite this finding, few studies have yet attempted to address how intracellular calcium phosphate might be translated to mature Fig. 4 . Diagram outlining current models and our proposed mechanism for bone mineral formation. Bone apatite formation likely proceeds via a number of cooperative/redundant mechanisms. Current hypotheses include the utilization of: (i) Matrix vesicles which bud from the plasma membrane and accumulate calcium (Ca 2+ ) and phosphate (PO 4 3− ) ions extracellularly before associating with the collagenous ECM (2); (ii) Noncollagenous proteins associated with the gap zones in collagen, which mediate mineral nucleation and foster its propagation within and along collagen fibrils (1); and (iii) Our suggested model, by which amorphous calcium phosphate and ionic calcium stored in mitochondria is transported via vesicles to the ECM before converting to more crystalline apatite and propagating from dense foci. In the cartoon, "matrix vesicles" are purple, and collagen-mediated mineralization is depicted in the bottom left corner with calcium and phosphate ions highlighted in yellow and red. Mitochondria are shown in green, and vesicles are orange and blue, with and without mineral/ions, respectively. "N" identifies the cell nucleus.
ECM-associated bone apatite. Lehninger postulated that calcium phosphate packets might be extruded from mitochondria and make their way to the ECM to participate in bone formation (34) . Shapiro and Greenspan likewise speculated that mitochondrial granules may be released into the cytoplasm as calcium and phosphate ions, and eventually contribute to extracellular mineral formation (27) , and Sayegh et al. suggested mitochondria might move to a peripheral position in the cytoplasm before releasing their contents (10) . Our observations here, that direct transport of ions of calcium and possibly phosphate takes place between mitochondria and intracellular vesicles, provides a missing link in deciphering the process of normal bone mineral formation. Fig. 4 details a proposed model for bone mineral formation involving mitochondrial granules, calcium-and phosphorus-containing vesicles, and extracellular mineral precipitation. The diagram also takes into account previous observations of extracellular vesicles accumulating mineral, collagen-based mineralization, and our observations of intracellular calcium phosphate and its transport to the ECM. Indeed, as others have noted (4), all of these processes may occur concurrently, as a certain degree of redundancy is likely inherent in biomineralization. Nonetheless, this model provides fresh insight into our fundamental understanding of bone mineralization, and may have important implications for understanding and treating pathological mineralization.
Materials and Methods
Cell Culture. Mineralized nodules were formed from cells derived from neonatal mouse calvarial osteoblasts and adult mouse MSC, as previously described (14) . For a thorough description of methods, see SI Materials and Methods. Briefly, for osteoblast cultures, calvaria were removed from 2-dold pups, mechanically minced, enzymatically digested, and cultured. For MSC cultures, marrow was flushed from mouse tibiae and femora and adherent cells were cultured. To initiate mineralized nodule formation, 30,000 cells/cm 2 were plated on sapphire discs or glass cover-slips and cultured for 28 d in medium containing ascorbic acid and β-glycerophosphate.
Sample Preparation. Fixation of mineralized nodules for electron microscopy can affect both the organic and inorganic components of the sample. Please see SI Materials and Methods for a detailed description of sample preparation considerations.
Chemical fixation. Mineralized cultures were fixed in glutaraldehyde, postfixed in osmium tetroxide, dehydrated in a graded ethanol series, treated with acetronitrile, and finally infiltrated with a Quetol-based resin, as previously described (14) . For a full description, see SI Materials and Methods. Embedded samples were polymerized at 60°C for 24 h, sectioned (70 nm) into a water bath using a diamond knife, and collected on bare 300 mesh copper TEM grids.
Anhydrous fixation. Cultures were dehydrated in ethylene glycol (24) for 3 h, immersed in fresh acetronitrile three times for 10 min each, infiltrated, cured in resin, and sectioned onto TEM grids.
HPF-FS. Samples were cryofixed in a HPF apparatus and freeze-substituted in an anhydrous acetone solution containing glutaraldehyde, osmium, and uranyl acetate. Samples were infiltrated with resin as described above.
Electron Microscopy Studies. All TEM observations were made after viewing several hundred cells from multiple areas of at least three separate cell cultures. Bright-field TEM, SAED, and EDX were performed on a JEOL 2000FX, operated at 120 kV. Bright-field TEM, HAADF-STEM, and STEM-EELS were performed on a Titan 80/300 STEM/TEM operated at 300 kV using a 4 kV extraction voltage. For 3D-tomography, images were acquired in HAADF-STEM mode at 2°increments from −45°to +45°. Three-dimensional reconstruction was carried out using the simultaneous iterative reconstruction algorithm using Inspect 3D image processing software (FEI). Reconstructions were visualized and isosurface projections and orthoslices were created using Amira 3D visualization software (Mercury Computer Systems). For a full description of electron microscopy studies, see SI Materials and Methods. 
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Boonrungsiman et al. 10 .1073/pnas.1208916109 SI Materials and Methods Cell Culture. Neonatal mouse calvarial osteoblasts and adult mouse marrow stromal cells were cultured to form mineralized nodules as previously described by Gentleman et al. (1) . Neonatal mouse calvarial osteoblasts. Osteoblasts were derived from 2-d-old neonatal CD-1 mice. Mice were killed by cervical dislocation according to Imperial College London ethical guidelines and calvarial tissue from all of the pups in a litter were removed and pooled. Calvaria were washed in PBS and soft tissue was carefully removed before calvaria were minced with scissors. Minced calvaria were subjected to five digests at 37°C in a 1-mg/ mL solution of collagenase (Sigma) in Hank's Balanced Salt Solution supplemented with a 10% (vol/vol) solution of 0.05% (wt/vol) trypsin/EDTA (both from Invitrogen). The first four digests were carried out for 20 min each, followed by a fifth digest for 2 h. Supernatants from the last three digests were centrifuged to collect cells and plated in α-minimum essential medium (αMEM) supplemented with 15% (vol/vol) FBS and a 1× solution of penicillin/streptomycin (P/S) (all from Invitrogen). Cells from the third or fourth passage were used in experiments. Mouse marrow stromal cells. Mouse marrow stromal cells (MSC) were isolated from the marrow stroma of femora and tibiae from 6-wk-old FVB/N female mice. After the mice were killed by cervical dislocation, femora and tibiae were removed and carefully cleaned of soft tissue. The bone epiphyses were then removed with scissors and diaphyses were repeatedly flushed with αMEM supplemented with 15% (vol/vol) FBS and 1× P/S. Extracted marrow from all animals was pooled and plated on standard tissue-culture plastic. Culture media was changed on days 4 and 8 after harvest and cells were passaged starting on day 9. Only cells up to the third passage were used in experiments. Mineralized nodule formation. To induce mineralized nodule formation, cells were plated on sapphire discs (Leica Microsystems) or glass cover-slips (for sample preparation by high pressure freezing and chemical/anhydrous fixation, respectively) at 30,000 cells/cm 2 in αMEM supplemented with 15% (vol/vol) FBS, 1× P/S, 50 μg/mL ascorbic acid, and 10 mM β-glycerophosphate (both from Sigma), according to a widely used protocol for in vitro differentiation of mineralizing cells (2) . Dexamethasone was added to all cultures at a concentration of 1 μM beginning at day 14 and cultivation was continued until day 28. Culture medium was changed every 2 d.
Sample Preparation. Nodules formed from mineralizing cell cultures contain both organic and mineral components (1) . To effectively and accurately analyze both the cells and the material they form, it is essential to minimize alterations to cell ultrastructure, while also preserving the distribution, crystallinity, and chemistry of the mineral during preparation and analysis by transmission electron microscopy (TEM). The artifacts that can be introduced during sample preparation for TEM can be subtle; therefore, the use of several complementary techniques in parallel should allow for accurate analysis. In this study, we used three techniques: an anhydrous preparation protocol, room temperature chemical fixation, and high-pressure freezing combined with freeze substitution (HPF-FS). Chemical fixation is a preparation protocol routinely used to prepare animal cells for TEM studies. This method chemically cross-links the proteins within the tissue; however, the chemical fixation changes mineral crystallinity (3) because the aqueous solution causes the conversion of noncrystalline calcium phosphate to thermody-namically stable crystalline hydroxyapatite (4, 5) . An alternative room-temperature preparation technique is to use a completely anhydrous method, which preserves the crystallinity of the apatite (3, 6, 7) ; however, this method does not chemically crosslink the proteins, so the ultrastructure of the organic components (in this case, cell organelles) are poorly preserved. HPF-FS simultaneously chemically cross links proteins while also preserving ion distributions within the sample. This method only introduces 1% water into the sample; therefore, the amount of amorphous calcium phosphate that is converted to crystalline hydroxyapatite should be very low. This method reportedly maintains the stability of disordered calcium phosphate (4) and can be used to study the morphology of calcium phosphate; however, the fully anhydrous method remains the most suitable for diffraction analyses. Mineralized nodules are ∼100-200 μm thick (1); for this reason HPF followed by FS with acetone was selected as a suitable method to prepare samples for electron energy-loss spectroscopy (EELS) analysis. The HPF-FS protocol was optimized for the mineralized nodules studied here. The ultrastructure, morphology, and chemistry of the mineral in the samples prepared by HPF-FS was compared with that within nodules prepared by conventional chemical fixation and anhydrous methods. The HPF-FS method preserved both the ultrastructure and mineral morphology, and also preserved the chemistry and the distribution of calcium ions within the nodules. Chemical fixation. Samples were fixed in 4% (vol/vol) glutaraldehyde in 0.1 M PIPES buffer at 4°C for 2 h, and then postfixed in 1% (wt/vol) osmium tetroxide in 0.1 M PIPES buffer for 1 h at room temperature (all from Sigma). Samples were then dehydrated in a graded ethanol series of three successive baths of 50%, 70%, 90%, and 100% (vol/vol) ethanol for 5 min each and submerged three times in acetronitrile (Sigma) for an additional 10 min each, all at room temperature. After dehydration, samples were progressively infiltrated with a Quetol-based resin, created by combining 12.6 g quetol, 15.5 g nonenyl succinic anhydride, 6.5 g methyl nadic anhydride, and 0.6 g benzyl dimethylamine (all from Agar Scientific). This solution was mixed with acetonitrile at a ratio of 1:1 (resin:acetonitrile) and samples were infiltrated for 2 h followed by infiltration in a 3:1 ratio solution overnight, and finally in pure resin for 4 d with fresh resin replaced daily. Embedded samples were then polymerized at 60°C for 24 h. Thin sections (70 nm) were cut directly into a water bath using an ultramicrotome with a diamond knife set at an angle of 35°. Sections were immediately collected on bare, 300 mesh copper TEM grids (Agar Scientific) and dried on filter paper. Anhydrous method. Cultures were dehydrated in ethylene glycol (Sigma) for 3 h, as previously described (3), and then immersed in fresh acetronitrile three times for 10 min each. Samples were infiltrated, cured in a Quetol-based resin, and thin sectioned onto TEM grids using the methods described above. HPF-FS. Samples were placed in specimen carriers with 200-μm deep cavities, mounted in a 20% (wt/vol) solution of bovine serum albumin (Sigma) in αMEM, and frozen using a Leica EM PACT 2 (Leica Microsystems) high-pressure freezer. Freeze substitution was performed in a Leica electron microscope AFS2 freeze substitution device using an anhydrous solution of acetone containing a 3% (vol/vol) glutaldehyde, 1% (wt/vol) osmium tetroxide, and 0.5% (wt/vol) uranyl acetate at −90°C for 8 h. Samples were then gradually warmed to 0°C at 5°C/h, washed twice in acetone, brought to room temperature, and infiltrated with resin, as described above.
Analytical Electron Microscopy Studies. All electron microscopy observations were made after viewing several hundred cells from multiple sample areas from at least three independent cell cultures for each cell type. The electron dose was kept to a minimum to minimize radiation damage to the mineral phase. Electron microscopy. Bright-field TEM, selected area electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDX) were performed on a JEOL 2000FX, operated at 120 kV. Bright-field TEM, high angle-annular dark field scanning transmission electron microscopy (HAADF-STEM), and STEM-EELS were performed on a Titan 80/300 STEM/TEM operated at 300 kV using a 4 kV extraction voltage. EELS was carried out in STEM mode under the same operating conditions. The convergence and collection semiangle into the spectrometer were set to 6.80 and 8.90 mrad, respectively. The energy resolution was 0.9 eV and the dispersion was set to 0.1 and 0.2 eV per pixel to collect one characteristic edge per spectrum, and all characteristic edges of phosphorus and calcium in a single spectrum, respectively. EELS spectra were acquired from an area that had a relative thickness (t/λ) of less than 0.5. Spectra were background subtracted using a power law model, smoothed with a Savitzky-Golay filter (8) , intensity normalized to the carbon K edge, and shifted along the y axis. Three-dimensional tomography. Three-dimensional tomography images were acquired at 300 kV in HAADF-STEM mode. Images were acquired at 2°increments from −45°to +45°using HAADF detector with inner and outer collection semiangle of 40 and 196 mrad, respectively. Three-dimensional reconstructions were carried out using the simultaneous iterative reconstruction technique (9) using Inspect 3D image processing software (FEI). Reconstructions were visualized by a Voltex projection and orthoslices through the HAADF-STEM reconstructions using Amira 3D visualization software (Mercury Compter Systems). Visualizations of 3D reconstructions were also carried out by creating isosurfaces based on the levels of intensity of regions within the tomographic dataset. An opaque isosurface was created at a higher intensity level to represent only those regions within the cell volume, which were of particularly high intensity corresponding to the calcium phosphate granules. Fig. S7 . Electron energy loss spectrum near the phosphorus edge for specified areas within a mitochondrion and an associated vesicle within a mineralizing osteoblast. Image (Right) is reproduced from Fig. 3A (Scale bar, 200 nm) and was prepared by HPF-SF. "MG" and "V" indicate the positions at which spectra were collected and highlight the presence phosphorus in the dense granule (MG); a distinct phosphorus edge was not detectable within the interacting vesicle (V). The lack of phosphorus detection by EELS does not rule of the possibility of the presence of phosphorus inside this vesicle. The calcium L 2,3 edge is narrow and sharp, but the phosphorus L 2,3 is relatively more broad and less intense. This finding suggests that the intensity of the phosphorus L 2,3 edge is below the signal-to-noise ratio of the instrument. Therefore, given the low intensity of the calcium edge ( Fig. 3C) , it is improbable that a phosphorus edge could be conclusively detected. Fig. S8 . EELS acquired from mitochondrial granules (MG), associating vesicles (V), and the surrounding cytoplasm (Cyt) in an osteoblast within a mineralizing nodule. The spectra of mitochondria granules display characteristic Ca L 2,3 edges at 346 eV. Spectra from the vesicles, one of which appears to be fused with the mitochondrion (V2) show a similar Ca L 2,3 edge. The surrounding cell cytoplasm did not produce characteristic Ca L 2,3 edges. Nodules were prepared by high pressure freezing and freeze substitution. (Scale bar, 200 nm.)
Movie S1. Movie of reconstructed tomograms captured by HAADF-STEM of oblique slices through the interface at which a mitochondrion and vesicle are joined. Dense granules appear bright in color and are apparent within the mitochondrion associated with its inner membrane. Movie was created from sample shown in Fig. 3A .
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